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Extracellular vesicles (EVs), which are the main paracrine components of stem cells, mimic the regenerative

capacity of these cells. Stem cell-derived EVs (SC-EVs) have been used for the treatment of various forms of

tissue injury in preclinical trials through maintenance of their stemness, induction of regenerative phenotypes,

apoptosis inhibition, and immune regulation. The efficiency of SC-EVs may be enhanced by selecting the

appropriate EV-producing cells and cell phenotypes, optimizing cell culture conditions for the production of optimal

EVs, and further engineering the EVs produced to transport therapeutic and targeting molecules.

stem cell  extracellular vesicle  tissue damage  regenerative medicine

1. Introduction

Extracellular vesicles (EVs) are vesicular entities with lipid bilayer membranes. They were initially defined as

“platelet dust” in 1967 . Intense research regarding EVs in the past half century has enabled a thorough

understanding of the origin and biological function of EVs and has positioned EVs on the front line of treatments for

various diseases.

EVs exist in all bodily fluids and are produced by all types of cells. Smaller vesicles, known as “exosomes” (EXs),

are released from cells through the multivesicular endosomal pathway. Larger vesicles, known as “microvesicles”

(MVs), are formed by cell membrane budding and apoptotic bodies are produced by the blebbing of aging or dying

cells . Apoptotic bodies have been studied less often; thus, EXs and MVs are mainly discussed in this article.

EVs can mediate cellular waste degradation and interact with recipient cells through surface receptor binding,

endosomal uptake, membrane fusion, membrane protein translocation, and by shuttling RNAs and proteins

through vesicle cell channels .

EVs carry components of EV-producing cells. They have been shown to exert similar

pathophysiological/regenerative effects on tissue and cellular functions when they are applied to experimental

animal models. Stem cells are the most common EV-producing cells. Stem cells can be isolated successfully from

bone marrow, fat, umbilical cords, embryos, and other tissues. Stem cells can differentiate into many types of cells

and they can substitute for injured tissues and aid the repair process through their paracrine mechanism at the

injury location. Stem cells have been used successfully in the treatment of hematological malignancies, graft-

versus-host disease, acute thrombocytopenia, and autoimmune diseases in several experimental in vivo studies 

. However, large-scale production, storage, immune rejection, gene mutation, and tumorigenesis or tumor
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promotion in vivo limit its application. Stem cell derived-EVs (SC-EVs), as the main paracrine executor, overcome

most limitations of stem cell applications. SC-EVs have allowed major advances in preclinical and clinical studies.

2. Stem Cell-Derived EVs in the Treatment of Damaged
Tissue

Numerous preclinical trials have reported that SC-EVs can carry active molecules, such as proteins, lipids, and

nucleic acids, and exhibit good therapeutic effect against various diseases regarding different systems, including

the nervous system, respiratory system, circulatory system, digestive system, and urinary system, among others.

2.1. Neurological System

Brain trauma is a common event that can cause nerve damage and disability. EXs derived from human adipose

mesenchymal stem cells (AdMSC-EXs) can significantly increase the number of neurons, reduce inflammation,

improve sensory and cognitive function, and produce better effects than AdMSCs alone in rats with traumatic brain

injury (TBI) . Kim et al. indicated that systemic administration of CD63+CD81+ EVs produced by human bone

marrow-derived stem cells (BMSC-EVs) decreased neuroinflammation 12 h after a TBI in a mouse model of TBI

induced by a controlled cortical impact device . They also found that BMSC-EV infusion preserved the pattern

separation and spatial learning abilities of mice, which were demonstrated respectively by an object-based

behavioral test and a water maze test .

Stroke is the sudden rupture or occlusion of cerebral blood vessels that interrupts the blood supply. It is the main

cause of death and disability in Chinese adults. Preclinical studies have shown that SC-EVs seem to be a

promising candidate for stroke treatment. Xin et al. showed that infusion of BMSC-EXs enhanced

oligodendrogenesis and neurogenesis, remodeled synapses, reduced the incidence of stroke, and accelerated the

recovery of neurological functions in a rat model of stroke induced by transient middle cerebral artery occlusion .

Webb et al. tested the effect of SC-EVs on stroke in a translational large animal model. In their study, they utilized

human neural stem cell-derived EVs (NSC-EVs) to treat ischemic stroke that was manufactured by permanent

middle cerebral artery occlusion in pigs, and they found that NSC-EVs eliminated the symptoms of intracranial

hemorrhage, decreased the cerebral lesion volume and brain swelling, and preserved the white matter integrity

compared to the control pigs . They also indicated that NSC-EV treatment improved behavior and mobility in this

model . In an ongoing clinical trial, MSC-EXs were engineered to overexpress miR-124 for the treatment of

ischemic stroke (NCT03384433; the estimated primary completion date is April 17, 2020 and the estimated study

completion is December 17, 2021).

Alzheimer’s disease (AD) is a common disease that usually occurs in older people. There is no effective treatment

for AD. Aβ protein accumulation in nerve cells may promote neurodegeneration and memory impairment in AD.

Studies have shown that AdMSC-EXs transport Aβ protease, which effectively inhibits Aβ protein accumulation in

nerve cells in vitro, suggesting a possible treatment application for AD . In addition, Cui et al. indicated that
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BMSC-EX administration ameliorated animal cognitive function and symptoms in a mouse model of AD . In

addition, EXs derived from hypoxic-preconditioning BMSCs displayed enhanced therapeutic effects study .

The high incidence of spinal cord injury (SCI), which has occurred in recent years, often results in serious

sequelae, such as lower limb paralysis and incontinence, for which effective treatments are currently lacking. Liu et

al. showed that BMSC-EXs could target specific sites of SCI and promote functional recovery in a rat model of SCI

by inhibiting neuronal apoptosis and increasing neuroinflammatory improvement, angiogenesis, and the

inactivation of A1 astrocytes . Additionally, Ruppert et al. found that the administration of human BMSC-EVs

displayed reduced inflammatory responses, improved motor function, and enhanced mechanical sensitivity

thresholds in a rat model of SCI . Recently, a study demonstrated that EXs from human umbilical cord MSCs

(hucMSC-EXs) promoted functional recovery in mice with SCI by reducing inflammation .

2.2. Cardiovascular System

Cardiovascular diseases seriously threaten human health because they have high incidence and mortality rates.

Improvement of treatment methods remains a worldwide objective. The proliferation ability of cardiomyocytes is

normally considerably weak, and their ability to achieve complete repair through self-regulation after an injury is

low. Preclinical studies have indicated that SC-EVs have great application prospects in the treatment of myocardial

infarction (MI). Adamiak et al. showed that intravenous injection of induced pluripotent stem cell (iPSC)-derived

EVs (iPSC-EVs) at 48 h after MI in mice resulted in improved left ventricular function, reduced left ventricular mass,

preservation of viable myocardia and reduction in apoptosis in the infarct zone . A similar phenomenon was

observed by Khan who reported that embryonic stem cell (ESC)-EX treatment of mouse MI promoted cardiac blood

flow recovery, alleviated myocardial fibrosis, reduced the infarct size, and significantly recovered cardiac function

. SC-EVs encapsulate microRNA (miRNA), which reinforces cardiac repair by facilitating angiogenesis. Wang et

al. demonstrated that miR-210 enriched in BMSC-EVs drives endothelial proliferation and migration in vitro, and it

improves cardiac angiogenesis and cardiac function after MI in mice by targeting Ephrin-A3 . Zhu et al. showed

that BMSC hypoxic pretreatment increased the enrichment of angiogenesis-associated miRNAs in BMSC-EXs,

which promoted angiogenesis more effectively and improved the therapeutic effects of MI treatment in mice .

Preclinical studies have indicated that BMSC-EXs could alleviate inflammatory responses in cardiovascular

diseases. Macrophages and neutrophils are activated and recruited to the injured site after a MI and they release a

large number of inflammatory factors that trigger a series of inflammatory reactions. In mouse models of

doxorubicin-induced dilated cardiomyopathy, intravenous injection of BMSC-EXs improved cardiac function,

inhibited cardiac dilation, alleviated cardiomyocyte apoptosis, and reduced the expression of inflammatory factors

in addition to the number of proinflammatory macrophages at the infiltration site and in the blood .

2.3. Respiratory System

Potter et al. showed human BMSC-EVs could significantly reduce pulmonary vascular permeability that was

caused by hemorrhagic shock in mice via regulation of cytoskeletal signaling . In another study, Tang et al.

showed that BMSC-MVs could promote the stability of the pulmonary vascular structure and improve inflammation
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in the lungs by delivering angiopoietin-1 (Ang-1) messenger RNAs (mRNAs) in mice. In their research, Tang et al.

showed that unmodified BMSC-MVs, but not Ang-1 mRNA-deficient MVs, were able to maintain the integrity of

endotoxin-stimulated microvascular endothelial cells in vitro, and they could reduce lung inflammation in a mouse

model of lipopolysaccharide (LPS)-induced acute lung injury . Vascular endothelial growth factor (VEGF) can

mediate the therapeutic effects of EVs originating from human umbilical cord blood-derived MSCs (hUCB-MSC-

EVs) after neonatal hyperoxia-induced lung injury in rats. Ahn et al. demonstrated that treatment with 20 μg of

hUCB-MSC-EVs improved lung injury, protected blood vessels, and maintained normal function of the alveoli in

newborn rats, whereas VEGF-deficient MSC-MVs functioned poorly .

Khatr et al. reported swine BMSC-EVs could disturb the agglutination reaction of various influenza viruses, restrict

influenza virus replication in lung epithelial cells in vitro, and alleviate virus-induced apoptosis . The authors

suggested that intratracheal administration of BMSC-EVs reduced viral shedding, inhibited lung influenza virus

replication, and reduced the production of proinflammatory cytokines in a pig influenza virus model . Additionally,

Chaubey demonstrated that intraperitoneal injection of hucMSC-EXs could improve experimental

bronchopulmonary dysplasia in mice .

2.4. Liver

Preclinical studies have demonstrated that SC-EVs harbor the potential to treat liver diseases through the delivery

of various active molecules. Haga et al. demonstrated that BMSC-EVs protected against hepatic

ischemia/reperfusion injury (IRI) in a mouse model . Similarly, Tamura et al. discovered murine BMSC-EXs

improved chemical-induced hepatocyte injury and promoted hepatocyte regeneration in mice, which was mediated

through immunosuppression and immune protection . In addition, Rigo et al. discovered human liver SC-EVs

effectively reduced liver injury in an ex vivo normothermic hypoxic rat liver perfusion model . Normothermic

machine perfusion is an emerging approach for liver preservation before transplantation and it may induce hypoxic

injury. Rigo and colleagues indicated that liver SC-EVs reduced the level of alanine aminotransferase and lactate

dehydrogenase in perfusate samples, and they protected histological damage and apoptosis in damaged livers .

Liver disease often includes liver fibrosis. Our studies have revealed that hucMSC-EXs can relieve liver fibrosis in

mice by inactivating transforming growth factor (TGF)-β/Smad signaling, reducing collagen deposition, and

alleviating inflammation . Qu et al. also suggested that BMSC-EXs effectively deliver miRNA-181-5p to damaged

hepatocyte sites and they prevented liver fibrosis in a mouse model by activating autophagy .

Our study reported that hucMSC-EXs carrying glutathione peroxidase1 protect against liver failure in mice by

reducing inflammation and oxidative stress . In a murine model of liver failure that was induced by d-

galactosamine/tumor necrosis factor-α (TNF-α), Haga et al. found that BMSC-EV administration reduced liver

damage and regulated the inflammatory response . In this study, imaging of fluorescence-labeled BMSC-EVs

suggested that EVs preferentially migrate to the livers of mice, and their density increases after chemically induced

damage. They further demonstrated that EVs from murine or human BMSCs significantly increased the survival

rates (murine BMSC-MVs: 57.1%; human BMSC-MVs: 37.5%; Control: 0%) of mice with liver failure, which were
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superior to those of BMSCs . They demonstrated that Y-RNA-1 is enriched within BMSC-EVs and Y-RNA-1

mediates the protective effects of BMSC-EVs on hepatocyte apoptosis .

3. Stem Cell Culture for Extracellular Vesicle Production

The contents and functions of EVs produced by diverse stem cells vary widely. Some EVs secreted by the same

type of stem cells under various culture conditions differ in content and function. The selection of appropriate

parental stem cells that are cultured under a specific condition for large-scale production of safer and more

effective EVs is essential for the development of new treatments for diseases in the future.

3.1. Stem Cell Selection

Stem cells can be successfully isolated from bone marrow, fat, umbilical cords, embryos, placentas, amniotic fluid,

blood, livers, skin, and other tissues. The first four types of stem cells listed here based on their origins are

currently the most widely studied.

BMSCs exert many biological functions, and their earliest application was for leukemia treatment . Preclinical

studies have confirmed that BMSC-EVs can be used to treat various diseases, as expressed in this review.

However, BMSC acquirement is difficult and invasive, and BMSCs have poor ability for in vitro expansion, which is

not conducive to large-scale production of EVs for clinical use. AdMSCs are easy to obtain and proliferate, and

autologous AdMSC transplantation can prevent immune rejection and provide beneficial effects. However, AdMSCs

carry the risk of tumor promotion . Therefore, clarifying the effects of AdMSC-EVs on tumors before attempts at

clinical application is essential. ESCs are difficult to obtain and utilize for ethical reasons, and they contain the risk

of tumorigenesis in the body, which also limits their clinical applications. hucMSCs are easy to acquire and are not

associated with ethical controversies. They have strong expansion ability and low immunogenicity. Preclinical

studies have reported that hucMSC-EVs have good therapeutic effects in tissue repair and regeneration, as

expressed in this review, and hucMSCs have an inhibitory effect on some tumors . Currently, commercial cell

banks that collect and store hucMSCs are emerging. These advantages enable large-scale production of SC-EVs

for clinical applications and iPSC culture makes large-scale production of stem cells easier. Numerous preclinical

investigations have demonstrated that iPSC-EVs have similar therapeutic effects to iPSCs in repairing damaged

tissue. Therefore, iPSC culture is an alternative for the large-scale production of EVs.

3.2. Cell Culture

Different culture conditions result in different functions and phenotypes of stem cells, which then affect the content

and function of EVs. Studies have suggested that various conditions, including cell density, cell phenotype,

hypoxia, drug preconditioning, inflammatory stimuli, and 3D culture, influence the properties and activities of stem

cells (Figure 1).

[31]

[31]

[32]

[33]

[33][34]



Stem Cell-Derived Extracellular Vesicles | Encyclopedia.pub

https://encyclopedia.pub/entry/10088 6/12

Figure 1.  The effect of various culture conditions or treatment on the stem cell-derived EVs. Cell density, cell

phenotype, hypoxia treatment, inflammatory stimuli, drug preconditioning, and three-dimensional (3D) culture

influence the production and capabilities of extracellular vesicles (EVs). LPS, lipopolysaccharide; DIM, 3,3′-

Diindolylmethane; MVB, multivesicular bodies.

3.2.1. Cell Density

Seeding density may affect EV secretion. EVs are typically collected from culture media at 60%–90% cell

confluence. Stem cells cultured at high density demonstrate contact inhibition and are induced to enter a resting

state . Low-density inoculation (1.5 cells/cm ) may result in faster stem cell proliferation . Low-density

cultures may activate EV-mediated paracrine signaling of stem cells and promote EV secretion .

3.2.2. Cell Phenotypes

Cell phenotypes affect the components and functions of EVs. Stem cells alter phenotypes and functions as the in

vitro expansion time increases. Early MSCs have the potential for osteogenic and adipogenic differentiation, and

the differentiation potential tilts toward adipogenesis as the in vitro culture is extended . MSCs secrete less EVs
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after aging . Kulkarni et al. revealed that MVs produced from young BMSCs are rich in autophagy-related gene

mRNAs, which better support hematopoietic stem cell transplantation in mice compared to MVs from aging BMSCs

. Our unpublished research has indicated that resveratrol treatment improves the senescence phenotype of

hucMSCs and increases the differentiation potentials. EXs originating from hucMSCs pretreated with resveratrol

had better healing effects on murine lung cancer metastasis than EXs from untreated hucMSCs.

Therefore, improving culture conditions and ensuring stem cells remain as young as possible are necessary, and

EVs secreted by younger cells may have superior therapeutic effects on certain diseases. In a different study,

Wang et al. noted that EXs produced from MSCs in the late stages of osteogenic differentiation, but not in the early

stages, delivered osteogenic differentiation-associated miRNAs to simulate homotypic cell osteogenic

differentiation and mineralization in vitro . This provided the hypothesis that stem cells can be induced into a

specific tissue phenotype in vitro for collection of their EVs that can be used in corresponding tissue damage repair.

3.2.3. Hypoxia Culture

Cui et al. revealed that EXs produced from hypoxia-preconditioned mouse BMSCs exhibited considerably

improved learning and memory capabilities and reduced plaque deposition, neuroinflammation, and Aβ expression

in an AD mouse model . Zhu et al. showed that hypoxia (0.5% O ) stimulated exosomal mRNA-210 secretion

through nSMase2 in mouse BMSCs to promote angiogenesis and improve cardiac function in a mouse model of MI

.

3.2.4. Drug Preconditioning and Inflammatory Stimuli

Ruan et al. revealed that Suxiao Jiuxin Pill, a type of traditional Chinese medicine, could promote mouse BMSC-EV

secretion . Our study revealed that 3,3′-Diindolylmethane-stimulated hucMSCs secreted Wnt11-overexpressing

EVs that could be used to improve wound healing in rats . In addition, Kulkarni et al. noted that aging BMSCs

treated with AKT signal inhibitor LY294002 reduced exosomal miR-17 and miR-34a, and both downregulated

autophagy-associated mRNA expression in recipient cells . LY294002 treatment increased autophagy-

associated genes in BMSC-MVs . MVs from aging BMSCs that were pretreated with LY294002 were more

powerful than MVs from young BMSCs in supporting hematopoietic stem transplantation in mice . In another

study, EVs from human BMSCs activated by LPS or ConA displayed enhanced anti-inflammatory ability and

reduced the release of TNF-α and IFN-γ from spleen cells in vitro .

3.2.5. Three-Dimensional Culture

Cell culture configurations for producing EVs include both 2D and 3D systems. The 2D system uses conventional

polystyrene flasks for the adhesion growth of EV-producing cells and the 3D system for EV production mainly

includes a scaffold-free bioreactor and scaffold-based approach . The 3D system can bestow EV production with

higher yields, more natural features, and better therapeutic effects compared to the 2D system .

[37]

[38]

[39]

[11]
2

[18]

[40]

[41]

[38]

[38]

[38]

[42]

[43]

[43]



Stem Cell-Derived Extracellular Vesicles | Encyclopedia.pub

https://encyclopedia.pub/entry/10088 8/12

Bioreactors are typically used for large-scale production of EVs. In these devices, EV-producing cells were sown

into cylindrical hollow fibers that provided a high surface area that was available to billions of cells. These cells

were seeded into the bioreactor and could produce 4-fold more EVs than cells cultured in a traditional 2D flask .

EXs from stem cells cultured in a bioreactor protected human dopaminergic neurons from apoptosis in vitro, which

was not observed in EXs collected from the 2D culture . In a rat model of experimental TBI, EXs from BMSCs

cultured in 3D scaffolds exhibited greater spatial learning ability than EVs harvested from 2D conditions .
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